Abstract. Preeclampsia (Pe) is considered to be initiated by abnormal placentation in early pregnancy and results in systemic endothelial cell dysfunction in the second or third trimester. micrornas (mirs) expressed in the human placenta can be secreted into maternal circulation via exosomes, which are secreted extracellular vesicles that serve important roles in intercellular communication. the present study hypothesized that upregulation of placenta-associated serum exosomal mir-155 from patients with Pe may suppress endothelial nitric oxide synthase (enoS) expression in endothelial cells. the results demonstrated that placenta-associated serum exosomes from patients with Pe decreased nitric oxide (no) production and enoS expression in primary human umbilical vein endothelial cells (HuVecs). Subsequently, an upregulation of placenta-associated serum exosomal mir-155 was detected in patients with Pe compared with in gestational age-matched normal pregnant women. in addition, the results demonstrated that overexpression of exosomal mir-155 from BeWo cells was internalized into HuVecs, and was able to suppress enoS expression by targeting its 3'-untranslated region. the results of the present study indicated that placenta-associated serum exosomes may inhibit enoS expression in endothelial cell during Pe development in humans, and this phenomenon may be partly due to increased mir-155 expression in placenta-associated serum exosomes.
Introduction
Preeclampsia (Pe) is a pregnancy-specific complication associated with maternal and fetal morbidity and mortality; however, the exact etiology of this disease is not yet clearly understood (1) . until recently, Pe has generally been described to be initiated by reduced placental perfusion, followed by impaired placentation, which in turn results in the release of molecules and factors leading to systemic endothelial activation and maternal clinical manifestations (1, 2) .
Placental extracellular vesicles, including microvesicles, exosomes and syncytiotrophoblast-derived microparticles, can interact with endothelial cells and contribute to the development of Pe (3, 4) . exosomes are nanovesicles (30-100 nm) that contain a wide range of functional proteins, mrnas and micrornas (mirnas/mirs), and can be viewed as mediators of intercellular communication without the need for cell-cell contact (5, 6) . there has been growing interest in exosomal mirnas, since exosomal mirna-mediated signaling has been reported to serve a significant role in various cell functions, including immune cell proliferation and endothelial cell migration (7, 8) .
mirnas are known to suppress gene expression post-transcription by binding the 3'-untranslated region (3'-utr) of target mrna. numerous mirnas have been demonstrated to affect placentation (9, 10) , and mirnas expressed in the placenta can be transferred into the maternal circulation via exosomes during human pregnancy (11) . mir-155 is a well-known mirna that possesses inflammatory and anti-angiogenic functions (12, 13) . our previous study, and other reported research, demonstrated that mir-155 is upregulated in the plasma and placentas from patients with Pe, thus suggesting that mir-155 is associated with the pathogenesis of Pe (14, 15) .
reduced nitric oxide (no) bioavailability is involved in the pathophysiological alterations of Pe, and decreased endothelial nitric oxide synthase (enoS) expression has been detected in the placentas and sera of patients with Pe (16, 17) . our previous study indicated that mir-155 inhibits endothelium-dependent vasorelaxation by suppressing enoS expression in human umbilical vein endothelial cells (HuVecs) (18) . therefore, it may be hypothesized that upregulation of placenta-associated Placenta-associated serum exosomal miR-155 derived from patients with preeclampsia inhibits eNOS expression in human umbilical vein endothelial cells the present study initially isolated and identified placenta-associated exosomes from the maternal sera of patients with Pe and normal pregnant women. Subsequently, the effects of placenta-associated serum exosomes from patients with Pe on no production and enoS expression in HuVecs were determined. in addition, the expression levels of mir-155 in these exosomes were detected. finally, the expression of enoS in endothelial cells treated with mir-155-overexpressed exosomes from BeWo cells was investigated.
Materials and methods
Human serum samples. eligible participants were enrolled from the nanjing drum tower Hospital (nanjing, china) from may 1, 2015 to april 30, 2016 . a total of 20 samples were obtained, 10 from patients with Pe and 10 from gestational age-matched normal pregnant women (table i) . the diagnostic criteria of Pe are described by cunningham et al (19) . Pregnant patients with Pe alongside chronic hypertension, cardiovascular diseases, gestational diabetes mellitus or chronic nephritis were excluded from the present study. Sera samples (2 ml) were obtained from each pregnant woman prior to treatment and were maintained at -80̊c. the present study was approved by the Scientific Research Ethics Committee of the drum tower Hospital (2009041), and informed consent was obtained from all of the participants.
Cell lines. BeWo cells (Gdc072) were purchased from the china center for type culture collection (cctcc, Wuhan, china). cells were maintained at 37̊C in a humidified incubator containing 5% co 2 and were cultured in rPmi-1640 medium (Hyclone; Ge Healthcare life Sciences, logan, ut, uSa) supplemented with 10% heat-inactivated fetal bovine serum (fBS; Hyclone; Ge Healthcare life Sciences), 100 u/ml penicillin and 100 µg/ml streptomycin. coS-7 cells (Thermo Fisher Scientific, Inc., Waltham, MA, USA) were cultured as described previously (18) .
HUVEC isolation. Primary HuVecs were isolated from the vascular wall of umbilical veins obtained from normal pregnant women in the third trime ster (not from the normal group). HuVecs were extracted by treatment of umbilical veins with 0.2% collagenase i (Worthington Biochemical corporation, lakewood, nj, uSa) for 10 min at 37̊c (20) ; the cells were then seeded into 0.15% gelatin-coated plates (Sigma-aldrich; merck KGaa, darmstadt, Germany) and were cultured for no more than six generations in m199 medium (Hyclone; Ge Healthcare life Sciences) containing 20% fBS and antibiotics (100 u/ml penicillin and 100 µg/ml streptomycin) at 37̊c in a humidified incubator containing 5% CO 2 .
Adenovirus and plasmid construction. pcdna3-enoS-3'-utr plasmid and ad-mir-155 adenovirus were constructed as previously described (18) . ad-lacZ served as the control for ad-mir-155 infection. the coS-7 cells were plated and cultured overnight in the 6-well plates and at 70-80% confluence, the cells were transfected with pcdna-enoS-3'-utr (2.0 µg) using lipofectamine 2000 transfection reagent (life technologies, Grand island, nY, uSa). the relative intensity of enoS protein expression was assessed by imagej 2X software (national institutes of Health, Bethesda, md, uSa).
Exosome isolated from human peripheral sera. exosomes were obtained by a series of centri fugation steps, combined with polyethylene glycol (PEG) precipitation. Briefly, serum (200 µl) was centrifuged at 3,000 x g for 20 min at 4˚c, after which the supernatant was passed through a 0.22-µm filter and was incubated with 8% PeG 6000 overnight (21, 22) . following further centrifugation at 10,000 x g for 1 h at 4˚c, the 8% PeG 6000-serum mixture precipitate was resuspended in 0.25 m sucrose. Subsequently, the suspension was layered onto a linear sucrose gradient, ultracentrifuged at 100,000 x g for 5 h at 4˚c and divided into six fractions: f1 (supernatant), 1.03; f2, 1.06; f3, 1.09; f4, 1.11; f5, 1.14; and f6, 1.18 g/ml. these fractions were incubated with 8% PeG 6000 overnight and were then centrifuged at 10,000 x g for 1 h at 4˚c. finally, the exosomes were suspended in 200 µl PBS. an equal volume of sample from each fraction was used for western blotting. Sonicated exosomes were the control group since the sonicate would damage the exosomes.
Exosome isolation from culture medium. BeWo cells (1.5x10 6 ) were plated into a 100-mm plate, infected with ad-mir-155 or ad-lacZ (100 multiplicity of infection) for 8 h at 37˚c and were then incubated in medium containing 2% exosome-free fBS for a further 48 h at 37˚c. the culture supernatants were sequentially centrifuged at 300 x g for 10 min at 4˚c, 2,000 x g for 10 min at 4˚c and 10,000 x g for 30 min at 4˚c. Subsequently, the cleared supernatants were ultracentrifuged at 100,000 x g for 70 min at 4˚c and the pellets were collected. finally, the pellet suspension was ultracentrifuged for a second time at 100,000 x g for 70 min at 4˚c and the pellets were resuspended in 200 µl PBS (23) .
Primary HuVecs (1.0x10 5 ) in 12-well plates were incubated with serum exosomes or with exosomes obtained from BeWo cell supernatants (5.0 µg protein/ml) in exosome-free medium for the indicated durations.
Transmission electron microscopy (TEM)
. exosome-tem-easy kit (cat. no. P130; Seajet Scientific, Inc., Beijing, China) was used to detect exosomes using formvar/carbon-coated tem grids (24) . freshly isolated exosome suspension (5-10 µl) was dropped onto clean parafilm. Subsequently, the grids were floated on the drop with the coated side facing the suspension; the grid membranes were allowed to absorb exosomes for 10 min. the grids were then transferred to the wash buffer for 30 sec, and were washed twice. the grids were then transferred to em solution for 10 min, and were washed twice. Finally, the grids were transferred to filter paper, coated side up, and were air dried overnight. the exosomes were visualized under tem (jem-1010; jeol, ltd., tokyo, japan) and 10 images were analyzed from each sample.
Dynamic light scattering (DLS)
. dlS measurements were performed using a Zetasizer 3000-Ha (malvern instruments ltd., malvern, uK). exosome samples were diluted in PBS and 0.05% tween-20 to a total volume of 1.0 ml. the samples were diluted with PBS (1:10, 1:100 and 1:1,000). the samples with various dilutions in a total volume of 1.0 ml were performed with standard settings (refractive index, 1.330; viscosity, 0.89; temperature, 25˚c) in the software.
Exosome labeling. exosomes from BeWo cells or serum exosomes (5.0 µg protein/ml used to treat HuVecs in 12-well plates) were resuspended in PBS (1 ml) and mixed with the green fluorescent dye PKH67 (Sigma-Aldrich; Merck KGaA) in 1 ml diluent c, 4x10 -6 m (25). after a 3 min incubation, 1% bovine serum albumin (2 ml) was added to terminate the labeling reaction, and the exosomes were harvested and washed twice with PBS by centrifugation (100,000 x g for 1 h). the exosomes were resuspended in medium (1 ml) supplemented with 10% ultrasonicated fBS and were then added to HuVecs in 12-well plates for 6 h incubation. the cells were washed three times with PBS, fixed with 4% paraformaldehyde for 30 min at room temperature, and were then stained with daPi (1:5,000; invitrogen; Thermo Fisher Scientific, Inc.) for 5 min. After washing with PBS, the cells were visualized under a fluorescence microscope (leica dmr; leica microsystems GmbH, Wetzlar, Germany).
Western blotting. Western blotting was performed according to standard procedures (26) . equal amounts of protein preparations were separated by SdS-PaGe, transferred to polyvinylidene fluoride membranes, immunoblotted with primary antibodies and visualized using a chemiluminescence detection kit (emd millipore, Bedford, ma, uSa). the primary antibodies were as follows: anti-enoS (c-20; 1:1,000; sc-654) and anti-cluster of differentiation (cd)81 (1.3.3.22; 1:1,000; sc-7637) (both from Santa cruz Biotechnology, inc., dallas, tX, uSa), anti-placental alkaline phosphatase (PlaP; 1:1,000; aB21938b; Sangon Biotech co., ltd., Shanghai, china), anti-cd63 (K156; 1:1,000; BS3474) and anti-α-tubulin (G436; 1:5,000; BS1699) (both from Bioworld technology inc., St. louis Park, mn, uSa). for the examination of cd63, cd81 and PlaP levels in the serum exosomes from patients with Pe, an equal volume of sample from each fraction was respectively used for western blotting, referring to the study by Putz et al (24) . the expression levels of cd81, cd63 and PlaP were detected to be the highest level in the f3 fraction, indicating that placenta-associated serum exosomes were mostly accumulated in that fraction. for the examination of the levels of cd63, cd81 and PlaP in exosomes obtained from cell medium, an equal total protein of exosomes from the ad-lacZ-infected cell medium and ad-mir-155-infected cell medium were loaded for western blotting. the protein concentrations of the isolated exosomes from 2 groups were detected (ad-lacZ-exosome, 0.35 µg/µl; ad-mir-155-exosome, 0.33 µg/µl). and the total protein (10 µg) from each group was loaded for western blotting to detect the expression levels of cd81, cd63 and PlaP.
Silver staining of polyacrylamide gels. the main steps of silver staining following PaGe (at room temperature) included: fixing in acetic acid and ethanol mixture (v/v, 4/1) for 30 min, permeabilization with 8 mm na 2 S 2 o 3 for 30 min and staining with 7.5 mm agno 3 in 37% formaldehyde solution for 30 min. the bands would then be invisible when the gels were incubated in 0.25 m na 2 co 3 for 2-15 min. finally, 50 mm glycine solution was added to terminate the staining process for 10 min.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. total rna was extracted from cells using TRIzol (Invitrogen; Thermo Fisher Scientific, inc.) and was reverse transcribed into cdna with primers in a 20 µl reaction using a PrimerScript rt regent kit (takara, otsu, japan). total rna was extracted from exosomes using an ambion mirVana PariS kit (ambion; thermo fisher Scientific, inc.) according to the manufacturer's protocol. mir-39 (1.6x10 8 copy/µl, 2 µl; Qiagen, Hilden, Germany) was added to the exosomes prior to rna isolation.
qPCR assays were performed as follows. Briefly, 20 ng cdna was applied to each qPcr reaction containing 2X SYBr-Green Pcr master mix (Bio-rad laboratories, inc., Hercules, ca, uSa) and 500 nm forward and reverse primers in a myiQ Single-color rt-Pcr detection system (Bio-rad laboratories, inc.). rt-Pcr for mir-155 was performed for 40 cycles (95˚c for 10 sec; 60˚c for 30 sec) following a initial 3 min incubation at 95˚c. rt-Pcr for enoS was performed via the blow procedure (95˚c for 3 min; 94˚c for 10 sec; 60˚c for 30 sec, 72˚c for 30 sec; 40 cycles). the primers used are listed in table ii. the data obtained from three independent experiments were analyzed for relative gene expression using the 2 -ΔΔcq method (27) .
NO detection. no levels were detected in the exosome-free culture medium of HuVecs treated with serum exosomes for 24 h. no concentration was measured using the no detection kit (S0021; Beyotime institute of Biotechnology, Shanghai, china) according to the manufacturer's protocol.
Statistical analysis. normally distributed data were presented as the means ± standard deviation using SPSS 17.0 software. the data obtained from three independent experiments were analyzed. differences between means were analyzed using two-tailed Student's t-test, and one-way analysis of variance was used to detect differences among more than two groups. P<0.05 was considered to indicate a statistically significant difference. the correlation between mir-155 expression in placenta-associated serum exosomal from patients with Pe and enoS protein expression in HuVecs treated with placentaassociated serum exosomes was analyzed by GraphPad Prism 5.
Results

Characteristics of placenta-associated exosomes derived from the sera of patients with PE and normal pregnant
women. using sucrose gradients, isolated pelleted vesicles from the sera of patients with Pe were separated into six fractions (f1-f6) of different densities. as shown in fig. 1a , the pelleted vesicles in f3 (1.09 g/ml) contained more bands than the other fractions, as determined by silver staining. Since tetraspanins are known to be expressed in exosomes (28) , the present study examined cd63 and cd81 expression in the isolated serum fractions. as shown in fig. 1B , cd63 and cd81 were detected in the pelleted vesicles in f2, f3 and f4; the expression of these molecules was highest in f3. using PlaP as a marker for placental-derived exosomes (29) , the present study confirmed that the vesicles in F3 contained the highest expression of PlaP. in addition, the present study measured the size of serum exosomes in f3 via tem and dlS analysis. as presented in fig. 1c , the diameter of isolated exosomes was ~100 nm. dlS analysis consistently demonstrated that the diameter of serum exosomes in f3 was 73.74±27.56 nm ( fig. 1d) . the characteristics of placenta-associated serum exosomes from normal pregnant women are shown in fig. 2 . collectively, these data indicated that isolated vesicles in f3 derived from the peripheral sera of patients with Pe and normal pregnant women contained a considerable amount of placenta-associated exosomes. the isolated vesicles in f3 were used for subsequent experiments. 
Placenta-associated serum exosomes from patients with PE decrease NO production and eNOS expression in HUVECs.
the present study investigated the effects of serum exosomes on no production and enoS expression in HuVecs. although the morphology of serum exosomes from normal pregnant women was similar to that of exosomes from patients with Pe, the no concentration in HuVecs treated with placenta-associated serum exosomes from patients with PE was significantly decreased (2.48±0.89 µm vs. 3.53±0.88 µm, fig. 3a ; P<0.05) compared with those from normal pregnant women. the mrna expression levels of enoS in HuVecs incubated with placenta-associated serum exosomes from patients with Pe were reduced by 31.04% ( fig. 3B; P<0.05 ). in addition, the protein expression levels of eNOS were significantly downregulated in HuVecs incubated with placenta-associated serum exosomes from patients with Pe ( fig. 3c and d; P<0 .05). these data indicated that placenta-associated serum exosomes from patients with Pe may inhibit the expression of enoS and no production in endothelial cells.
miR-155 expression is increased in placenta-associated serum exosomes from patients with PE. our previous study indicated that mir-155 is upregulated in the placentas of patients with Pe (19) . therefore, the present study aimed to determine whether increased mir-155 expression was transferred via exosomes from the placenta into maternal circulation during pregnancy. using rt-qPcr, it was demonstrated that mir-155 expression was increased in placenta-associated serum exosomes from patients with Pe compared with in those from normal pregnant women (1.58-fold, P<0.05; fig. 4a ). furthermore, an inverse correlation existed between mir-155 expression in placenta-associated serum exosomes from patients with Pe and enoS protein expression in HuVecs treated with placenta-associated serum exosomes (r=-0.5401, P<0.05; fig. 4B ).
miR-155-overexpressed exosomes from trophoblast cell medium inhibit eNOS expression in HUVECs in vitro.
BeWo cells were infected with either ad-mir-155 or ad-lacZ, and exosomes were isolated from the culture medium. the characteristics of cell medium exosomes were identified, as follows: cd63, cd81 and PlaP were expressed in the isolated exosomes from BeWo cell medium, as determined by western blotting; and the diameter of the isolated exosomes was ~100 nm (fig. 5 ). compared with exosomes from ad-lacZ-infected cell medium, mir-155 expression was increased by 2.41-fold in exosomes from ad-mir-155-infected cell medium ( fig. 6a; P<0.05) . the ability of exosomes to transfer to HuVecs was determined by examining the uptake of PKH67-labeled exosomes. fluorescence microscopy demonstrated that PKH67-labeled BeWo cell exosomes were taken up by HuVecs and were distributed within the perinuclear compartments ( fig. 6B ). as depicted in fig. 6c , the expression levels of mir-155 were 4.93-fold higher (P<0.05) in HuVecs treated with exosomes isolated from ad-mir-155-infected BeWo cells compared with in those treated with ad-lacZ-infected BeWo cell exosomes.
to exam ine whether exosomal m ir-155 could suppress enoS expression via direct 3'-utr interaction, the present study investigated enoS expression in pcdna3-enoS-3'-utr-transfected coS-7 cells treated with exosomes from ad-mir-155-infected BeWo cells (18) . as shown in fig. 6d , mir-155-overexpressed exosomes inhibited enoS protein expression in a dose-dependent figure 2. characteristics of placenta-associated exosomes derived from sera of normal pregnant women in the third trimester. (a) isolated pelleted vesicles were divided by sucrose gradients into six fractions, which were loaded onto gels for silver staining. (B) cd63, cd81 and PlaP were examined in the serum exosomes by WB. (c) morphology of exosomes in f3 from normal pregnant women was observed by electron microscopy. Scale bar, 50 nm. (d) Particle size distributions of isolated exosomes in f3 were measured by dynamic light scattering. cd, cluster of differentiation; f, fraction; Pe, preeclampsia; PlaP, placental alkaline phosphatase; WB, western blotting. in those treated with exosomes from ad-lacZ-infected BeWo cells ( fig. 6f and G; P<0.05 ). taken together, these results indicated that exosomal mir-155 derived from trophoblasts may suppress enoS expression in HuVecs.
Discussion
during human pregnancy, placenta-associated serum exosomes are involved in cell-cell communication between the placenta and peripheral vascular endothelial cells (29) . the present study isolated serum exosomes with PlaP-positive expression by PeG precipitation and ultracentrifugation with a sucrose gradient, which led to the isolation of placenta-associated exosomes with high purity and yield. the present study demonstrated that placenta-associated serum exosomes from patients with Pe reduced no production and enoS expression in endothelial cells; this effect may be partly due to the increased expression of mir-155 in placenta-associated serum exosomes.
Previous studies have accumulated evidence regarding the physiological function of serum exosomal mirnas. Squadrito et al demonstrated that serum/plasma exosomal mir-122 and mir-155 are predo minantly associated with inflammatory liver injury (30) . another study indicated that serum exosomal mir-21 is positively correlated with tumor progression and aggressiveness (31) . in addition, mirnas in plasma exosomes have been reported to be stable under various storage conditions (32) . these data have led to the recognition that serum exosomal mirnas serve important roles in pathophysiological alterations and the pathogenesis of diseases. Placenta exosomal mirnas may mediate crosstalk between the fetoplacental unit and the maternal system during pregnancy (33, 34) . the present study initially detected the upregulation of mir-155 in placenta-associated serum exosomes from patients with Pe compared with in those from normal pregnant women.
endothelial cell functions can be affected by exosomes via various mechanisms (9, 35) . Since vasomotor dysfunction is one of the pathological alterations associated with Pe, the present study focused on vasomotor function, and demonstrated that placenta-associated serum exosomes from patients with Pe exhibited downregulated enoS expression and no production in HuVecs. the expression of enoS can be modulated at numerous levels, and post-transcriptional regulation has an important role in the modulation. the present study revealed the inhibitory effect of exosomal mir-155 on enoS expression using pcdna3-enoS-3'-utr-overexpressing coS-7 cells, which do not possess endogenous enoS expression. in addition, mir-155-overexpressed exosomes isolated from trophoblast cell medium were able to suppress the expression of enoS in HuVecs. therefore, placenta-associated serum exosomal mir-155 may suppress enoS expression through direct 3'-UTR interaction. These findings provided evidence to suggest that serum placenta-associated exosomes may regulate endothelial cell functions during Pe devel opment.
in conclusion, the present study identified that placenta-asso ciated serum exosomes from patients with Pe suppressed no production and enoS expression in endothelial cells. in addition, increased mir-155 expression in placenta-associated serum exosomes may be associated with the effects of serum exosomes. Our findings indicated that serum exosomal mir-155 may regulate endothelial cell functions and contribute to the development of Pe.
